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Introduction {#sec001}
============

Macrophage infiltration is a hallmark of kidney disease.\[[@pone.0150886.ref001]\] A number of renal insults stimulate macrophage recruitment to the kidney, including immune complexes, microorganisms, high glucose levels, renin-angiotensin-aldosterone system, excessive salt intake, ischemia, oxidative stress, and proteinuria.\[[@pone.0150886.ref002]--[@pone.0150886.ref004]\] Activated macrophages release cytokines and chemokines, and accelerate renal inflammation, fibrosis, and damage. In addition to these pathogenic, classically activated M1 macrophages, there is an alternatively activated M2 phenotype, which participates in the resolution of inflammation, tissue repair, and remodeling.\[[@pone.0150886.ref005], [@pone.0150886.ref006]\] Recent studies also highlighted the role of F4/80^bright^ tissue macrophages originated from yolk sac-derived erythro-myeloid progenitors.\[[@pone.0150886.ref007]\] Strategies for targeting pathogenic M1 macrophages \[[@pone.0150886.ref008], [@pone.0150886.ref009]\] or macrophage-derived M1 cytokines and chemokine receptors,\[[@pone.0150886.ref010], [@pone.0150886.ref011]\] or for utilizing reparative M2 macrophages \[[@pone.0150886.ref012], [@pone.0150886.ref013]\] are beneficial for the treatment of renal inflammation and damage.

Rac1, a member of the Rho-family of small GTPases, is a multi-functional molecule that regulates actin cytoskeletal dynamics,\[[@pone.0150886.ref014]\] generates reactive oxygen species (ROS),\[[@pone.0150886.ref015]\] and affects many cellular processes, including transcription, cell migration, adhesion, and proliferation.\[[@pone.0150886.ref016]\] The *in vivo* significance of Rac1 was previously substantiated using gene targeted mice. Systemic Rac1 knockout (KO) mice were embryonic lethal due to germ-layer formation defects.\[[@pone.0150886.ref017]\] Subsequently, several conditional KO mice were generated. Deletion of Rac1 in the epidermis leads to epidermal stem cell loss and defects in hair follicles.\[[@pone.0150886.ref018]\] Dorsal telencephalon-restricted Rac1 KO mice manifest agenesis of commissural axons due to failure of midline crossing during cortical development.\[[@pone.0150886.ref019]\] Vascular endothelial-specific Rac1 ablation results in embryonic lethality around embryonic day E9.5 with defective vascular development,\[[@pone.0150886.ref020]\] while hemizygous excision of Rac1 in the endothelium protects against brain injury after focal cerebral ischemia.\[[@pone.0150886.ref021]\] Cardiomyocyte-specific Rac1 deficient mice were resistant to cardiac hypertrophy.\[[@pone.0150886.ref022]\] These findings indicate a variety of cell-specific (patho)physiological roles of Rac1.

In the kidney, Rac1 is shown to act as a regulatory subunit of reduced nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase, and the resultant ROS exert proinflammatory responses via NF-κB activation.\[[@pone.0150886.ref023], [@pone.0150886.ref024]\] We previously reported that Rac1 inhibitors conferred renoprotection, in part by suppressing inflammatory signals in several chronic kidney disease models.\[[@pone.0150886.ref025]--[@pone.0150886.ref028]\]. However, the detailed mechanisms of Rac1-evoked inflammation in kidney diseases, including cellular target, have not been clarified. In the present study, we focused on Rac1 in macrophages, and investigated its role in lipopolysaccharide (LPS)-mediated inflammation and kidney injury using conditional KO mice.

Materials and Methods {#sec002}
=====================

Ethics Statement {#sec003}
----------------

This study was performed in strict accordance with the guidelines of the Animal Research Committee of Juntendo University, and protocols were approved by the Animal Research Committee of Juntendo University (Permit Number: Animal 270019, DNA 26--11, 26--18). Animals were sacrificed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

Antibodies {#sec004}
----------

We used the following antibodies; rat anti-mouse F4/80 monoclonal antibody (Cl:A3-1, AbD Serotec, MCA497); rat anti-mouse Ly-6B.2 monoclonal antibody (7/4, AbD Serotec, MCA771); mouse anti-human Rac1 monoclonal antibody (23A8, Merck Millipore, 05--389); mouse anti-β actin monoclonal antibody (AC-15, Sigma, A5441); goat anti-p47phox polyclonal antibody (Sigma, SAB2500674); rabbit anti-human NF-κB p65 monoclonal antibody (D14E12, Cell Signaling Technology, 8242); rabbit anti-human AIF monoclonal antibody (D39D2, Cell Signaling Technology, 5318); rabbit anti-human histone H3 monoclonal antibody (D1H2, Cell Signaling Technology, 4499); donkey anti-Rabbit IgG, HRP-Linked F(ab')~2~ Fragment (GE Healthcare, NA9340); sheep anti-Mouse IgG, HRP-Linked F(ab')~2~ Fragment (GE Healthcare, NA9310), and donkey anti-goat IgG-HRP (Santa Cruz Biotechnology, sc-2020).

Targeted inactivation of Rac1 in the myeloid lineage in mice {#sec005}
------------------------------------------------------------

Rac1-floxed (Rac1^flox/flox^) mice containing loxP sites flanking the entire exon 1 of the *Rac1* gene (originally a hybrid of C57BL/6, 129Ola, and ICR, which was backcrossed 5 generations with C57BL/6) \[[@pone.0150886.ref019]\] were crossed with transgenic mice harboring the cre recombinase under the control of the myeloid lineage-specific promoter, lysozyme M (LysM^cre/+^) (C57BL/6J background),\[[@pone.0150886.ref029], [@pone.0150886.ref030]\] generating myeloid-specific Rac1 KO (LysM^cre/+^ Rac1^flox/flox^: M-Rac1 KO) mice. LysM^+/+^ Rac1^flox/flox^ littermates were used as flox control (M-Rac1 FC). Genotype was determined by PCR using tail genomic DNA and the following primers: cre (Fwd: `5′-AGGTTCGTTCACTCATGGA-3′`, Rev: `5′-TCGACCAGTTTAGTTACCC-3′`) and Rac1 (Fwd: `5′-ATTTTCTAGATTCCACTTGTGAAC-3′`, Rev: `5′-ATCCCTACTTCCTTCCAACTC-3′`). Animals were housed in a room maintained at constant temperature, humidity, and light cycle (12-h light/dark).

LPS-induced kidney injury model {#sec006}
-------------------------------

LPS from Escherichia coli 0111:B4 (Sigma) was dissolved in phosphate buffered saline (PBS) at a concentration of 0.25 mg/ml. Male M-Rac1 FC and KO littermates (16 to 24 weeks old) were given a single intraperitoneal injection of LPS (5 mg/kg) or PBS (Vehicle). To avoid dehydration, PBS was injected at 24 h. At 48 h after LPS injection, blood was collected. Kidneys were harvested after perfusion with 50 ml of saline. Blood urea nitrogen (BUN) and serum creatinine were measured at SRL laboratory (Tokyo, Japan).

Cell culture {#sec007}
------------

Mouse monocyte/macrophage cell line, RAW264.7 (TIB-71, ATCC), were cultured in RPMI1640 medium (Life Technologies) supplemented with 10% fetal bovine serum (FBS: HyClone) and antibiotics. Cells were stimulated with LPS (1 to 1000 ng/ml) for the indicated time. In some experiments, cells were pretreated with the Rac1 inhibitor EHT1864 (Tocris), the NF-κB inhibitor BAY11-7082 (Wako Pure Chemical Industries), or the NADPH oxidase inhibitor diphenyleneiodonium (DPI: Sigma) for 2 h, then subjected to LPS. EHT1864 associates with Rac1 tightly and causes the release of bound GTP, thus prevents effector interaction.\[[@pone.0150886.ref031]\] BAY11-7082 is an irreversible inhibitor of IκB kinase α and phosphorylation of cytokine-inducible IκBα, thus inactivates NF-κB. DPI, an inhibitor of flavoenzymes, blocks NADPH oxidase activity.

Preparation of bone marrow-derived macrophages (BMDM) {#sec008}
-----------------------------------------------------

L929 cells (CCL-1) were purchased from ATCC. L929-cell conditioned medium (LCCM) was obtained as a source of granulocyte/macrophage colony stimulating factor, by cultivating L929 cells in RPMI supplemented with 10% FBS and antibiotics for 4 days and additional 3 days. Bone marrow cells were collected in a sterile condition from the femur and tibia of M-Rac1 FC and KO mice, and cultured in RPMI containing 30% LCCM, 20% FBS, and antibiotics for 7 days.\[[@pone.0150886.ref030]\] Purified BMDM were cultured in RPMI 1640 containing 5% LCCM, 10% FBS, and antibiotics, and RNA and protein were extracted on the next day.

Gene expression analysis {#sec009}
------------------------

Total RNA was extracted using an RNeasy mini kit (Qiagen), and reverse-transcribed to cDNA with High Capacity cDNA Reverse Transcription Kit (Applied Biosystems). Gene expression was determined by real-time quantitative RT-PCR using 7500 Fast Real-Time PCR System (Applied Biosystems).\[[@pone.0150886.ref027]\] We basically used TaqMan chemistry and commercially available primers and probe sets. For *cre* expression, we used SYBR Green chemistry and the following primers (Fwd: `5’- GCGTTCGAACGCACTGATTTC -3’`, Rev: `5’- TACACCAGAGACGGAAATCCA -3’`).

Histological analysis {#sec010}
---------------------

Kidneys were fixed in 4% paraformaldehyde solution. For morphologic evaluations, we stained paraffin sections (4 μm) with hematoxylin-eosin. The degree of tubular injury was semiquantitatively assessed using at least 10 randomly selected fields in each specimen in a blinded manner. Tubular injury was graded (0 to 4) on the basis of the percentage of tubular dilation, atrophy, cellularity, basement membrane thickening, or sloughing, as follows: 0, intact; 1, \<10%; 2, 10--25%; 3, 25--50%; 4, 50--75%; 5, \>75% of the tubules were affected.\[[@pone.0150886.ref027]\]

Immunohistochemistry {#sec011}
--------------------

Paraformaldehyde-fixed cryosections (5 μm thick) were treated with 3% hydrogen peroxide, avidin-biotin blocking solution, 0.5% blocking reagent (Sigma), then incubated with rat anti-mouse F4/80 (1:200) or rat anti-mouse Ly-6B.2 (7/4, 1:200), and subsequently with biotin-labeled secondary antibodies.\[[@pone.0150886.ref028], [@pone.0150886.ref032]\] Immunosignals were detected using a VECTASTAIN Elite ABC kit (Vector Laboratories) and a metal-enhanced DAB kit (Thermo Fisher Scientific), counterstained with hematoxylin, and observed under light microscope (Olympus BX51). For quantitative evaluation of macrophage and neutrophil accumulation, the numbers of F4/80-positive and Ly-6B.2-positive cells were counted in 10 randomly selected high-power fields (× 200). \[[@pone.0150886.ref028]\]

Western blotting {#sec012}
----------------

Western blotting was performed as described previously.\[[@pone.0150886.ref025]\] Whole cell lysates were extracted using MLB buffer containing 25 mM HEPES (pH7.5), 150 mM NaCl, 1% NP-40, 10% glycerol, 10 mM MgCl~2~, and Protease Inhibitor cocktail. Nuclear protein was obtained using Nuclear/Cytosol Fractionation Kit (BioVision). For membrane fractionation, samples were homogenized in M1 buffer that contained 20 mM Tris (pH 7.4), 2 mM MgCl~2~, 250 mM sucrose, and Protease Inhibitor cocktail. Nuclei and unlysed cells were removed by low-speed centrifugation (500 x g), and the supernatant was centrifuged at 100,000 x g. The pellet was resuspended in M2 buffer that contained 40 mM Tris (pH 7.9), 260 mM sucrose, 1% Triton X-100, and Protease Inhibitor cocktail.\[[@pone.0150886.ref033]\] The nitrocellulose membrane was immunoblotted with mouse anti-Rac1 (1:2000),\[[@pone.0150886.ref027]\] mouse anti-β actin (1:2000), goat anti-p47phox (1:2000, <http://www.sigmaaldrich.com/catalog/product/sigma/sab2500674?lang=en&region=US>), rabbit anti-NF-kB p65 (1:1000, <http://media.cellsignal.com/pdf/8242.pdf>), rabbit anti-AIF (1:1000, <http://media.cellsignal.com/pdf/5318.pdf>), or rabbit anti-human histone H3 (1:1000, <http://media.cellsignal.com/pdf/4499.pdf>). After incubation with HRP-linked anti-rabbit IgG (1:4000), anti-mouse IgG (1:4000), or anti-goat IgG (1:5000),\[[@pone.0150886.ref027]\] signals were visualized with ECL, ECL Prime, or ECL Advance Western blotting detection system GE Healthcare).

Rac1 activation assay {#sec013}
---------------------

Rac1 activity was evaluated by GST pull-down assay.\[[@pone.0150886.ref025]\] Briefly, lysates were incubated with agarose beads coupled with GST fusion protein corresponding to the p21-binding domain of PAK1 (Merck Millipore). The precipitated proteins were subjected to SDS-PAGE and immunoblotting.

Evaluation of NADPH oxidase activity {#sec014}
------------------------------------

NADPH oxidase activity was measured using bis-N-methylacridinium nitrate (lucigenin) chemiluminescence.\[[@pone.0150886.ref033]\] Briefly, the kidney was homogenized in HBSS buffer containing 10 mM HEPES (pH 7.4) (50 mg tissue weight/ml buffer). After incubation for 20 min at 37°C, NADPH (100 μM) and lucigenin (5 μM) were added to the sample. Immediately, the chemiluminescence was recorded for every 30 sec at an interval of 30 sec for 5 min with a luminometer (MiniLumat LB9506; Berthold Technologies). NADPH oxidase activity was expressed as chemiluminescence of superoxide (RLU: relative light unit) standardized by tissue weight. We confirmed that the oxidative burst was completely inhibited by a specific NADPH oxidase inhibitor DPI (100 μM).

Thiobarbituric acid reactive substances (TBARS) assay {#sec015}
-----------------------------------------------------

ROS in the kidney were evaluated as malonyldialdehyde (MDA) using TBARS Assay Kit (Zeptometrix). Briefly, the kidney homogenate (50 mg/ml PBS) was mixed with sodium dodecyl sulfate and thiobarbituric acid-buffer reagent, and incubated at 95°C for 60 min. The sample was cooled to room temperature, and centrifuged at 3,000 rpm for 15 min. The absorbance of the supernatant was measured at 532 nm in a spectrophotometer (NanoDrop 2000, Thermo Scientific). The concentration of TBARS (μM) was calculated from a standard curve of MDA.

Statistical analysis {#sec016}
--------------------

Values are expressed as means ± s.e.m. For multiple comparisons, statistical analysis was performed by two-way ANOVA or one-way ANOVA followed by Bonferroni\'s *post hoc* test. Student's unpaired *t*-test was used for comparison between the two groups. Histological data were analyzed using nonparametric analysis with Kruskal-Wallis test, followed by Mann-Whitney U test. *P* Values \< 0.05 were considered to be significant.

Results {#sec017}
=======

Establishment of myeloid-selective Rac1 KO mice {#sec018}
-----------------------------------------------

M-Rac1 FC and KO mice were born in the Mendelian ratio. Immunoblotting and qPCR analyses revealed reduced expressions of Rac1 and abundant and selective induction of *cre* in BMDM, validating cell type-specific Rac1 depletion in the myeloid cells ([Fig 1A--1C](#pone.0150886.g001){ref-type="fig"}). *Cre* transcripts were not detected in any organs in M-Rac1 FC mice. On the other hand, *cre* mRNA was present in the kidney of M-Rac1 KO mice, although the expression level was much lower (0.0023 ± 0.0003 fold compared to BMDM), reflecting the presence of a small number of cre-positive tissue macrophages in the kidney.

![Validation of myeloid-specific Rac1 knockout mice.\
(A and B) Immunoblotting (A) and qPCR (B) analyses of Rac1 in the bone marrow-derived macrophages (BMDM) from myeloid-selective Rac1 knockout (M-Rac1 KO) and flox control (M-Rac1 FC) mice. β actin was used as a loading control. Data are means ± s.e.m. Statistical analysis was performed using unpaired *t*-test. \*\**P* \< 0.01. *n* = 3 per each group. (C) Expression of *cre* mRNA in the BMDM and kidneys from M-Rac1 FC and KO mice. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 organ effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 3 per each group.](pone.0150886.g001){#pone.0150886.g001}

Myeloid Rac1 deletion protects against LPS-induced kidney injury {#sec019}
----------------------------------------------------------------

Under basal conditions, renal function (BUN, serum creatinine, Na, K, Cl concentrations, creatinine clearance, urinary albumin excretion) and histology did not significantly differ between M-Rac1 FC and KO mice ([S1 Table](#pone.0150886.s004){ref-type="supplementary-material"}). Accordingly, the mice were subjected to LPS-induced kidney injury.

At 48 h after LPS injection, BUN and serum creatinine were elevated in control M-Rac1 FC mice ([Fig 2A and 2B](#pone.0150886.g002){ref-type="fig"}). LPS-mediated elevations of BUN and serum creatinine were markedly attenuated in M-Rac1 KO mice. Histologically, LPS evoked tubular damage, such as loss of the apical brush border membrane and tubular vacuolization in M-Rac1 FC mice, which were significantly ameliorated in M-Rac1 KO mice ([Fig 2D and 2E](#pone.0150886.g002){ref-type="fig"}). Consistent with these observations, LPS enhanced mRNA expression of kidney injury biomarkers kidney injury molecule-1 (*Kim-1*) and neutrophil gelatinase-associated lipocalin (*Ngal*) in M-Rac1 FC mice, while myeloid Rac1 ablation prevented the LPS-invoked *Kim-1* and *Ngal* increment ([Fig 2C](#pone.0150886.g002){ref-type="fig"}). The survival rate up to 14 days after LPS injection did not significantly differ between M-Rac1 FC and KO mice ([S1 Fig](#pone.0150886.s001){ref-type="supplementary-material"}) Taken together, Rac1 deficiency in myeloid cells protected against renal functional and structural deterioration induced by LPS.

![Lipopolysaccharide (LPS)-evoked renal functional and histological changes in M-Rac1 FC and KO mice.\
Vehicle or LPS (5 mg/kg) was injected intraperitoneally in M-Rac1 FC and KO mice, and animals were sacrificed 48 h later. (A and B) Blood urea nitrogen (BUN) and serum creatinine. Data are expressed as means ± s.e.m. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 8 per each group. (C) The mRNA expression of kidney injury biomarkers, *Kim-1* and *Ngal*, in the kidney homogenates of Vehicle- or LPS-injected M-Rac1 FC and KO mice. The mRNA levels were compared using real-time quantitative RT-PCR and expressed relative to M-Rac1 FC Vehicle group. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 8 per each group. (D) Typical images of hematoxylin-eosin stained kidney sections. Original magnification x 400. (E) Semiquantitative analysis of tubular injury. Data were analyzed using nonparametric analysis with Kruskal-Wallis test. \*\**P* \< 0.01 by Mann-Whitney U test. *n* = 5 per each group.](pone.0150886.g002){#pone.0150886.g002}

Possible mechanisms of LPS-evoked renal injury and its amelioration by myeloid Rac1 deletion {#sec020}
--------------------------------------------------------------------------------------------

We investigated the mechanisms by which M-Rac1 KO mice protected against LPS-mediated renal injury. First, we evaluated Rac1 activity in the kidneys of 4 groups of mice ([Fig 3A](#pone.0150886.g003){ref-type="fig"}). Basal Rac1 activity in the kidney did not differ between M-Rac1 FC and KO mice. LPS challenge increased GTP-bound active Rac1 in M-Rac1 FC mice, but did not activate Rac1 in M-Rac1 KO mice. These results suggest pivotal role for myeloid Rac1 as a trigger of LPS-induced kidney injury.

![Effects of LPS injection on Rac1 activity, macrophage-related cytokine mRNA expression, NADPH oxidase activity, and ROS production in M-Rac1 FC and KO mice.\
(A) Expression of GTP-bound active Rac1 in the kidneys from Vehicle- or LPS-injected M-Rac1 FC and KO mice, as evaluated by GST pull-down assay. Left panel, representative blots. Right panel, result of densitometric analysis. Data are means ± s.e.m. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 3 per each group. (B) The mRNA levels of macrophage M1 cytokines, *IL-6* and *TNFα*, in the kidney homogenates. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 8 per each group. (C) NADPH oxidase activity in the kidney was expressed as ROS generation in the presence of NADPH by the lucigenin chemiluminescence method. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 5 per each group. (D) Representative immunoblot of p47phox in the membrane fraction of the kidney. AIF was used as a loading control. (E) ROS in the kidney homogenates were measured as malonyldialdehyde using TBARS Assay Kit. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.05 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 4 per each group. (F) Expression of *cre* mRNA in the kidneys from Vehicle- or LPS-injected M-Rac1 FC and KO mice. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 5 per each group.](pone.0150886.g003){#pone.0150886.g003}

Macrophage-mediated inflammation has been implicated in the pathogenesis of tubulointerstitial disease.\[[@pone.0150886.ref002]\] Therefore, we examined macrophage-derived inflammatory cytokines. LPS strikingly increased *IL-6* mRNA expression in the kidney homogenates in M-Rac1 FC mice (1027-fold vs. Vehicle group, *P* \< 0.01), while LPS-evoked *IL-6* induction was prominently suppressed in M-Rac1 KO mice (only 8-fold vs. Vehicle group) ([Fig 3B](#pone.0150886.g003){ref-type="fig"}). Gene expression profile of TNFα was similarly associated with the changes in renal function.

Rac1 is a component of NADPH oxidase complex (NOX2 isoform) in macrophages, and upon activation, Rac1 stimulates translocation of NADPH oxidase regulatory subunits p47phox and p67phox from cytosol to membrane, resulting in NADPH oxidase activation and ROS production.\[[@pone.0150886.ref023], [@pone.0150886.ref024]\] We found that NADPH oxidase activity in the kidney, measured as ROS generation in the presence of NADPH by the lucigenin chemiluminescence method, was significantly elevated in response to LPS injection in M-Rac1 FC mice ([Fig 3C](#pone.0150886.g003){ref-type="fig"}). NADPH oxidase activation was accompanied by the increased expression of p47phox in the membrane fraction ([Fig 3D](#pone.0150886.g003){ref-type="fig"}). ROS generation, as determined by TBARS assay, was also augmented in LPS-treated M-Rac1 FC mice ([Fig 3E](#pone.0150886.g003){ref-type="fig"}). These changes did not occur in M-Rac1 KO mice, in which LPS did not activate Rac1 in the kidney.

These data suggest the involvement of Rac1-NADPH oxidase-ROS-cytokine cascade in LPS-evoked renal tubular injury.

Effects of LPS injection on macrophage and neutrophil accumulation in the kidney of M-Rac1 FC and KO mice {#sec021}
---------------------------------------------------------------------------------------------------------

We next tested whether lack of cytokine induction in LPS-injected M-Rac1 KO mice might be attributed to the failure of myeloid cell infiltration into the kidney. LPS administration greatly elevated *cre* mRNA expression in the kidney of M-Rac1 KO mice (21-fold vs. Vehicle group, [Fig 3F](#pone.0150886.g003){ref-type="fig"}), suggesting that LPS accelerated the recruitment of cre-expressing macrophages and/or neutrophils to the kidney in M-Rac1 KO mice. Immunohistochemical analysis revealed that the number of macrophages in the kidney, as evaluated by F4/80 immunostaining, increased in response to LPS in M-Rac1 FC mice ([Fig 4A and 4B](#pone.0150886.g004){ref-type="fig"}). Similarly, LPS enhanced accumulation of F4/80-positive macrophages in M-Rac1 KO mice. As for neutrophils, much smaller numbers of Ly-6B.2 (mAb 7/4)-positive neutrophils were detected in the kidney. LPS slightly, but significantly, increased neutrophil accumulation, the extent of which did not differ between M-Rac1 FC and KO mice ([Fig 4C and 4D](#pone.0150886.g004){ref-type="fig"}). Collectively, improvement of LPS-induced renal injury in M-Rac1 KO mice was not related to the blockage of myeloid cell infiltration into the kidney, but associated with altered properties of macrophages with Rac1 inactivation and suppressed NADPH oxidase activity, ROS generation, and *IL-6* and *TNFα* induction in response to LPS.

![Immunostainings of macrophages and neutrophils in the kidneys of M-Rac1 FC and KO mice.\
(A) Representative micrographs of F4/80 immunostaining in the kidneys of Vehicle- or LPS-injected M-Rac1 FC and KO mice. Original magnification x 200. (B) Quantitative analysis of F4/80-positive macrophages. Data are means ± s.e.m. Statistical analysis was performed by two-way ANOVA, n.s. genotype effect, *P* \< 0.01 treatment effect, n.s. interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 5 per each group. (C) Representative micrographs of Ly-6B.2 (mAb 7/4) immunostaining. (D) Quantitative analysis of Ly-6B.2-positive neutrophils. Statistical analysis was performed by two-way ANOVA, n.s. genotype effect, *P* \< 0.01 treatment effect, n.s. interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. *n* = 6 per group.](pone.0150886.g004){#pone.0150886.g004}

Involvement of macrophage Rac1 signaling in LPS-evoked cytokine production {#sec022}
--------------------------------------------------------------------------

Our *in vivo* study suggests critical role for myeloid Rac1, especially macrophage Rac1, in LPS-mediated renal inflammation and tubular injury. To obtain supportive evidence for the participation of macrophage Rac1, we performed *in vitro* studies using the cultured mouse macrophage cell line, RAW264.7, and explored the direct link between Rac1 signal cascade and LPS-triggered cytokine generation.

Exposure of cultured macrophages to LPS for 3 h dose-dependently enhanced *IL-6* and *TNFα* gene expression ([Fig 5A](#pone.0150886.g005){ref-type="fig"}). Consistent with the *in vivo* studies, the LPS (100 ng/ml)-mediated *IL-6* and *TNFα* mRNA induction was significantly attenuated by pretreatment with the Rac1 inhibitor EHT1864 (10, 50, and 100 μM) in a dose-dependent manner ([Fig 5B](#pone.0150886.g005){ref-type="fig"}). Among NADPH oxidase isoforms, NOX2 and its multicomplex components, p22phox, p47phox, and p67phox, were highly expressed, while expressions of NOX1 and NOX4 were low in this macrophage cell line ([Fig 5C](#pone.0150886.g005){ref-type="fig"}). The NADPH oxidase inhibitor DPI suppressed the LPS-induced *IL-6* and *TNFα* induction in a dose-dependent fashion ([Fig 5D](#pone.0150886.g005){ref-type="fig"}). Furthermore, LPS promoted the nuclear translocation of NF-κB p65, which was blocked by EHT1864 ([Fig 5E](#pone.0150886.g005){ref-type="fig"}). Indeed, the NF-kB inhibitor BAY11-7082 (2, 5, and 20 μM) dose dependently alleviated the LPS-evoked *IL-6* and *TNFα* mRNA upregulation ([Fig 5F](#pone.0150886.g005){ref-type="fig"}). These results indicated crucial role of Rac1 signaling pathway in the LPS-triggered *IL-6* and *TNFα* overproduction in macrophages.

![LPS-triggered cytokine mRNA induction and its underlying mechanisms in cultured macrophages.\
(A) Dose dependency of *IL-6* and *TNFα* mRNA induction in response to LPS (1, 3, 10, 100, and 1000 ng/ml) for 3 h in the cultured macrophage cell line RAW264.7. Data are means ± s.e.m. Statistical analysis was performed by one-way ANOVA. \*\**P* \< 0.01 vs. Vehicle. *n* = 4 per each group. (B) Effects of pretreatment with the Rac1 inhibitor EHT1864 (10, 50, and 100 μM) on LPS (100 ng/ml)-evoked mRNA induction of *IL-6* and *TNFα*. Statistical analysis was performed by one-way ANOVA. ^\#\#^*P* \< 0.01 vs. Vehicle; \*\**P* \< 0.01 vs. LPS without inhibitors. *n* = 4 per group. (C) The mRNA expression of NADPH oxidase components, NOX1, NOX2, NOX4, p22phox, p47phox, and p67phox, in cultured macrophage RAW264.7. (D) Effects of preincubation with the NADPH oxidase inhibitor diphenyleneiodonium (DPI: 2.5, 10, and 25 μM). Statistical analysis was performed by one-way ANOVA. ^\#\#^*P* \< 0.01 vs. Vehicle; \*\**P* \< 0.01 vs. LPS without inhibitors. *n* = 4 per group. (E) Representative immunoblots of NF-κB p65 in the nuclear fraction. Histone H3 was used as a loading control. (F) Effects of preincubation with the NF-κB inhibitor BAY11-7082 (2, 5, and 20 μM). Statistical analysis was performed by one-way ANOVA. ^\#\#^*P* \< 0.01 vs. Vehicle; \*\**P* \< 0.01 vs. LPS without inhibitors. *n* = 4 per group.](pone.0150886.g005){#pone.0150886.g005}

The *in vivo* and *in vitro* studies corroborate our hypothesis that Rac1 in myeloid cells, especially macrophages, facilitates the LPS-evoked cytokine production via activation of NADPH oxidase, thereby accelerating inflammation-mediated kidney injury.

Discussion {#sec023}
==========

In the present study, we established the myeloid lineage-specific Rac1 KO mice, and investigated whether Rac1 in the myeloid cells contributes to inflammation-mediated kidney impairment. LPS injection in control mice resulted in elevation of BUN and serum creatinine, and tubular damage, which were associated with macrophage infiltration, activation of Rac1 and NADPH oxidase, and overproduction of ROS and macrophage-derived cytokines, *IL-6* and *TNFα*. Intriguingly, deletion of myeloid Rac1 protected against LPS-induced kidney injury. Renoprotection was accompanied by a failure of LPS to induce Rac1 activation, NADPH oxidase stimulation, enhance ROS and *IL-6* and *TNFα* mRNA expressions, although LPS promoted the accumulation of F4/80-positive macrophages. The *in vivo* findings were supported by *in vitro* experiments demonstrating that Rac1 inhibition prevented the LPS-evoked *IL-6* and *TNFα* induction in cultured macrophages. These findings suggest that Rac1 in the myeloid cells, especially macrophages, participates in the inflammatory mechanisms of kidney injury via cytokine overproduction.

Although the lysozyme M promoter directs the expression of all myeloid lineage cells including monocytes, macrophages, neutrophils, and some dendritic cells,\[[@pone.0150886.ref029]\] our results suggest that the deletion of Rac1 in macrophages constitutes a significant contribution to the KO phenotype for several reasons. Firstly, IL-6 and TNFα are major macrophage-derived M1 cytokines that convey macrophage-associated inflammation and organ injury. Their expressions in neutrophils are low compared to activated macrophages. Salkowski et al.\[[@pone.0150886.ref034]\] reported supportive evidence for macrophages as the primary producers of these cytokines, because liposome-mediated macrophage depletion resulted in \>95% suppression of IL-6 induction and 50 to 75% reduction of TNFα mRNA in the liver of LPS-injected mice. Secondly, we found that the accumulation of Ly-6B.2 (mAb 7/4)-positive neutrophils was much less compared to F4/80-positive macrophages, which did not differ between M-Rac1 FC and KO mice. Thirdly, we showed that suppression of LPS-evoked IL-6 and TNFα overexpression by Rac1 blockade was reproduced in cultured macrophages. We further demonstrated that Rac1- NADPH oxidase-ROS-NF-κB pathway is involved in the LPS-mediated cytokine induction in the kidney *in vivo* and macrophages *in vitro*. Our *in vitro* data are consistent with an earlier study by Sanlioglu et al.,\[[@pone.0150886.ref035]\] showing that LPS-invoked Rac1 activation leads to TNFα production via NADPH oxidase-mediated ROS generation and resultant NF-κB stimulation in cultured macrophages. In their study, transfection of dominant negative Rac1 blocked ROS formation, nuclear translocation of NF-κB, and TNFα secretion following LPS challenge. The involvement of the Rac1-ROS-NF-κB-cytokine cascade in macrophages *in vivo* was suggested in hepatic ischemia/reperfusion injury, resulting in TNFα and inducible nitric oxide synthase gene induction.\[[@pone.0150886.ref036]\] Adenovirus-mediated inactivation of Rac1 actually suppressed the cascade of events elicited by ischemia/reperfusion. However, their study did not strictly distinguish the participation of Rac1 in macrophages from that in hepatocytes or other non-parenchymal cells.

Hematopoietic cells express both Rac1 and Rac2 isoforms. Rac1 is the predominant isoform in murine and human monocytes/macrophages.\[[@pone.0150886.ref037], [@pone.0150886.ref038]\] On the other hand, murine neutrophils have equivalent amounts of Rac1 and Rac2,\[[@pone.0150886.ref039]\] and Rac2 is the major isoform in human neutrophils.\[[@pone.0150886.ref040]\] Previously, several groups created Rac1 and Rac2 conditional KO mice specifically in hematopoietic cells. Wells et al. \[[@pone.0150886.ref037]\] established Rac1-deficient macrophages, using the type I interferon-inducible Mx1-Cre transgenic mice and Rac1^flox/flox^ mice. Their Rac1-deficient macrophages showed elongated morphology, diminished membrane ruffling, but normal migration and chemotaxis. Their results are compatible with our finding that LPS stimulated renal macrophage accumulation in M-Rac1 KO mice. In their study, NADPH oxidase activity was not evaluated. Glogauer et al.\[[@pone.0150886.ref041]\] generated conditional Rac1 deficiency restricted to cells of the granulocyte/monocyte lineage, using LysM-Cre transgenic mice and Rac1^flox/flox^ mice, similar to our mice. They analyzed neutrophil function *ex vivo*, by preparing neutrophil fraction from bone marrow cells. Their Rac1-deficient neutrophils exhibited defects in inflammatory recruitment, chemotaxis in response to fMLP, but normal superoxide production. In contrast, Rac2-null neutrophils showed defective superoxide production.\[[@pone.0150886.ref042]\] In most studies, macrophage or neutrophil functions were analyzed *ex vivo* by collecting specific fractions of cells from the mouse bone marrow. Their roles *in vivo* were not analyzed in detail.

Rac1 is a multi-functional molecule, acting as a key regulator of actin cytoskeleton, ROS generation, cell motility and gene transcription.\[[@pone.0150886.ref016]\] Rac1 has been implicated in a wide range of diseases, including cardiac hypertrophy, heart failure, arrhythmia,\[[@pone.0150886.ref022], [@pone.0150886.ref043]\] diabetic vascular complications,\[[@pone.0150886.ref044]\] Alzheimer disease,\[[@pone.0150886.ref045]\] pancreatitis and associated lung injury,\[[@pone.0150886.ref046]\] and metastatic cancers.\[[@pone.0150886.ref047]\] In the kidney, the role of podocyte Rac1 has garnered attention as etiology of foot process effacement, albuminuria, and glomerulosclerosis by affecting the cytoskeletal organization and cell motility.\[[@pone.0150886.ref016], [@pone.0150886.ref048]\] This is the first report demonstrating a pathogenic role of myeloid Rac1 as a mediator of inflammation and renal impairment, using the conditional KO mice. Macrophage infiltration and chronic inflammation are hallmarks of a variety of kidney diseases, including diabetic nephropathy, hypertensive nephrosclerosis, metabolic syndrome nephropathy, salt excess, renal ischemia/reperfusion injury, and obstructive nephropathy.\[[@pone.0150886.ref004], [@pone.0150886.ref049], [@pone.0150886.ref050]\] Rac1 in macrophages might be involved in the pathogenesis of these conditions.

Crosstalk of multiple cell types is implicated in the pathogenesis of kidney diseases. In the case of LPS-induced tubular injury, the LPS receptor, TLR4/MD2 complex, is expressed in vascular endothelial cells, tubular epithelial cells, glomerular cells, dendritic cells, macrophages, and B cells. Upon LPS challenge, LPS binds to TLR4 in vascular endothelial cells and tubular epithelial cells, and produce chemokines that stimulate recruitment of neutrophils and monocytes/macrophages in the interstitium around tubular epithelial cells. Subsequently, LPS binding to TLR4 in macrophages stimulates intracellular signal cascades leading to increased cytokines and interferon production via NF-kB and IRF3 activation. LPS finally causes tubular injury by acting directly on tubular cells or indirectly via macrophage-derived cytokines.\[[@pone.0150886.ref051]\] In the present study, we demonstrated that myeloid Rac1 deletion suppressed IL-6 and TNFα mRNA induction in the kidney, but did not reduce the numbers of F4/80-positive macrophages and Ly-6B.2-positive neutrophils in response to LPS challenge. The preserved accumulation of inflammatory cells in the kidney suggests that the initial monocytes/macrophages chemoattractant signals by the kidney cells (vascular endothelial cells, tubular epithelial cells, dendritic cells) and migration ability of monocytes/macrophages were not affected by myeloid Rac1 knockout. On the other hand, mRNA induction of macrophage-related cytokines (IL-6 and TNFα) and the resultant tubular injury were dependent on myeloid Rac1 pathway.

Unsuppressed infiltration of macrophages and neutrophils in the LPS-injected M-Rac1 KO mice might be caused by macrophage and neutrophil chemokines, monocyte chemoattractant protein-1 (MCP-1, also called Ccl2), Cxcl1, and Cxcl2. MCP-1 is a major monocyte/macrophage chemoattractant, while Cxcl1 and Cxcl2 enhance neutrophil recruitment. These chemokines are produced by tubular epithelial cells, vascular endothelial and smooth muscle cells, fibroblasts, neutrophils, monocytes, and macrophages. We quantitatively analyzed the mRNA expression profiles of these chemokines in the kidneys of Vehicle- and LPS-injected M-Rac1 FC and KO mice ([S2 Fig](#pone.0150886.s002){ref-type="supplementary-material"}). The MCP-1 mRNA expression was not significantly different between LPS-treated M-Rac1 FC and KO mice, which might contribute, at least in part, to unaltered macrophage infiltration in the LPS-injected KO mice. On the other hand, mRNA expressions of Cxcl1 and Cxcl2 were not correlated with the numbers of accumulated neutrophils; the expressions were markedly upregulated in the LPS-injected M-Rac1 FC mice, but attenuated in KO mice. Other factors, such as IL-8, might be involved in the infiltration of neutrophils in the KO group. In addition, further study is necessary to identify cellular sources of these chemokines.

In contrast to the myeloid-selective Rac1 KO mice, we previously reported that systemic inhibition of Rac1 by drug treatment blocked not only cytokine overexpression but also macrophage infiltration and MCP-1 mRNA induction in the kidney of obese diabetic mice, and salt-loaded angiotensin II-overproducing mice.\[[@pone.0150886.ref027], [@pone.0150886.ref028]\] Systemic administration of Rac1 inhibitor EHT1864 or NSC23766 inactivates Rac1 in all cell types. Several studies indicated that Rac1 in vascular endothelial cells may contribute to the macrophage infiltration via endothelial activation and MCP-1 induction.\[[@pone.0150886.ref052], [@pone.0150886.ref053]\] Together with our present findings, initial macrophage infiltration may be caused by MCP-1 produced by cells other than macrophages, such as vascular endothelial cells.

In the systemic Rac1 inhibition models, it is difficult to evaluate the influence of Rac1 inhibition on cytokine production within macrophages, because Rac1 inhibitor interrupts macrophage infiltration itself. On the other hand, macrophage accumulation occurred in myeloid cell-selective Rac1 KO mice subjected to LPS. In this sense, our model has an advantage in enabling analysis of the intracellular events within macrophages. We successfully identified the intracellular crosstalk between Rac1-NADPH oxidase-ROS-NF-κB pathway and LPS-triggered cytokine production cascade in macrophages.

In conclusion, M-Rac1 KO mice were resistant to LPS-evoked kidney dysfunction and tubular damage. Renoprotection correlated with suppression of Rac1 activation, NADPH oxidase activity, oxidative stress, and macrophage proinflammatory cytokines, IL-6 and TNFα, while M-Rac1 deletion did not block macrophage recruitment to the kidney. Indeed, we demonstrated that Rac1 signaling has crucial role in mediating LPS-evoked *IL-6* and *TNFα* mRNA upregulation via NADPH oxidase and NF-κB activation using cultured macrophage cell line. Taken these findings together, our data suggest that Rac1 in myeloid cells, especially macrophages, plays an important role in LPS-mediated cytokine overproduction, inflammation, and kidney injury. Rac1 in myeloid cells has potential as a novel target for the treatment of kidney disease.
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###### Survival Analysis after LPS Injection in M-Rac1 FC and KO Mice.

Survival rate was analyzed by Kaplan Meier method after LPS injection up to 14 days in M-Rac1 FC and KO mice (n = 10 for each group). Statistical analysis was performed by log rank test. n.s., not significant.

(TIF)

###### 

Click here for additional data file.

###### The mRNA Expression of Macrophage and Neutrophil Chemokines, *MCP-1*, *Cxcl1*, and *Cxcl2*, in the Kidney Homogenates of Vehicle- and LPS-Injected M-Rac1 FC and KO Mice.

The mRNA levels were compared using real-time quantitative RT-PCR and expressed relative to M-Rac1 FC Vehicle group. Statistical analysis was performed by two-way ANOVA, *P* \< 0.01 genotype effect, *P* \< 0.01 treatment effect, *P* \< 0.01 interaction effect. \*\**P* \< 0.01 by Bonferroni\'s *post hoc* test. n.s., not significant. *n* = 8 per each group.

(TIF)

###### 

Click here for additional data file.

###### Original Uncropped Blots with Size Markers.

\(A\) Original blots of [Fig 1A](#pone.0150886.g001){ref-type="fig"}. (B) Original blots of [Fig 3A](#pone.0150886.g003){ref-type="fig"}. (C) Original blots of [Fig 3D](#pone.0150886.g003){ref-type="fig"}. (D) Original blots of [Fig 5E](#pone.0150886.g005){ref-type="fig"}.

(TIF)

###### 

Click here for additional data file.

###### Baseline Renal Function in M-Rac1 FC and KO Mice.

Renal function was measured by collecting serum and urine from M-Rac1 FC and KO mice at 4 months of age. Data are means was.e.m (n = 6 for each group). Statistical analysis was performed by Student's unpaired t-test. n.s., not significant.

(TIF)

###### 

Click here for additional data file.
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